SUMMARY The prevalence and cineangiographic correlates of exercise-induced inversion of U waves were studied in 248 patients. Exercise-induced U-wave inversion was observed in 36 patients (15%), of whom 35 had > 75% stenosis in one or more of the major coronary arteries. The proximal left anterior descending or left main coronary artery was involved in 33 of these patients, including 24 patients with no electrocardiographic evidence of anterior myocardial infarction. Exercise-induced U-wave inversion was observed in the absence of an abnormal ST-segment response in eight of the 166 patients (4.8%) with coronary artery disease, and five of these patients had a normal resting 12-lead ECG. Only one of the 82 patients (1.2%) without significant coronary artery disease demonstrated exercise-induced U-wave inversion, and this patient had a primary cardiomyopathy. We conclude that exercise-induced inversion of the U-wave is highly predictive of significant coronary artery disease and, more specifically, of disease of the proximal left anterior descending coronary artery.
INVERTED U WAVES in the left precordial leads of a 12-lead ECG have been described in patients with left ventricular hypertrophy and coronary artery disease.' Similarly, the development of U-wave inversion during exercise has been described as an indicator of coronary artery disease and exercise-induced myocardial ischemia.2 3 The coronary cineangiographic correlates of exercise-induced U-wave inversion have not been reported. We previously reported an apparent high prevalence of disease of the proximal left anterior descending coronary artery in patients with exercise-induced inversion of U waves.4 This study of 257 consecutive patients who underwent treadmill exercise testing and coronary arteriographic studies was undertaken to determine the prevalence and coronary cineangiographic correlates of exercise-induced Uwave inversion. Methods A retrospective review was made of the medical records of 257 consecutive patients who underwent treadmill exercise testing before coronary cineangiographic studies. All studies were carried out at the Indiana University Medical Center between July 1976 and September 1978. From this initial group there were six patients with electrocardiographic evidence of left ventricular hypertrophy by the Estes criteria5 and three patients with resting U-wave inversion. These nine patients were excluded from further study, leaving 248 patients. There were 190 males (77%) and 58 females (23%), mean age 51 years (range 19-73 years). Twenty patients were taking a digitalis preparation, 91 taking propranolol, 92 taking long-acting nitrates, four taking quinidine and one taking disopyramide. Two hundred seventeen patients had a history of chest pain and 126 were considered to have typical exterional angina pectoris. Nine patients underwent cardiac catheterization as a part of an evaluation for refractory ventricular arrhythmias and 10 asymptomatic subjects were evaluated because of an abnormal treadmill exercise test. The remaining 12 patients underwent cardiac catheterization for other reasons.
Thirty-eight patients had electrocardiographic patterns of anterior myocardial infarction. They were considered as a separate subgroup because patients with these electrocardiographic patterns would be expected to have a high incidence of significant disease of the left anterior descending coronary artery.
A control group consisting of 200 consecutive, presumably healthy male members of the Indiana State Police Force who underwent treadmill exercise testing after July 1, 19764 was retrospectively reviewed using the same methods as for the coronary heart disease study group. The average age of the subjects in the control group was 45.2 years.
Graded treadmill exercise tests were performed using a previously described modified Balke protocol.6 A modified bipolar CC5 lead4 and a vertically oriented bipolar lead (VL) were recorded during and after exercise. The vertical lead used a negative electrode on the forehead and an exploring electrode at the left lower costal margin in the midaxillary line. This lead placement simulates very closely lead II of the 12-lead ECG. All exercise ECGs were continuously recorded on magnetic tape using a Hewlett-Packard 3964 
Results
Among the 200 consecutive, presumably healthy Indiana State Policemen studied, three subjects demonstrated exercise-induced U-wave inversion. An abnormal ST-segment response was also present in two of these subjects. However, in the absence of coronary cineangiographic confirmation of coronary artery disease these subjects have to be considered false-positive responders, and the specificity of exercise-induced Uwave inversion for coronary artery disease in this asymptomatic population was 98.5%.
Of the 248 patients reviewed there were 166 with > 75% stenosis of at least one major coronary artery, and 35 of the 166 (21%) had exercise-induced U-wave inversion (table 1) . The other 82 patients had no significant coronary artery stenoses; only one had exercise-induced U-wave inversion. The left anterior descending or the left main stem coronary arteries were involved in 109 of the 166 patients with significant coronary artery disease. From Of the 248 patients studied, 109 had . 75% stenosis of the left anterior descending or left main coronary artery. After exclusion of the 38 patients with anterior myocardial infarction, all of whom had a stenosis of . 75% in the left anterior descending artery, the study group included 210 patients, of whom 71 had . 75% stenosis of the left anterior descending or left main coronary artery. Therefore, the exercise-induced Uwave inversion is not only highly predictive of significant coronary artery disease (27 of 28 patients in this study), but also has a highly significant correlation with disease of the left anterior descending or left main coronary artery (25 of 28 vs 71 of 210, p < 0.001). Discussion Many reports in the literature have addressed the problem of defining the specificity and sensitivity of the treadmill exercise ECG in detecting coronary artery disease in various populations.6'-`Relatively few studies have demonstrated a relationship between exercise electrocardiographic changes and disease of specific cornary arteries. It has been reported that a left precordial (V,)-type lead is more sensitive for detecting isolated left anterior descending coronary artery disease than similar disease of the other two major coronary arteries.6' 12 However, the majority of abnormal ST-segment responses in patients with disease isolated to the circumflex or right coronary artery occur in left precordial leads. Chaitman et al. recently reported that the location of the diseased vessel could not be predicted from the electrocardiographic site of the ST-segment depression. 12 Patients with chest pain and > 2.0 mm of exerciseinduced ST-segment depression in a left precordial (V,) lead have been reported to have a 75% incidence of left main, left main equivalent or proximal left anterior descending coronary artery disease. 13 Another study reported similar results, but the authors found that 50% of the patients who demonstrated > 2.0 mm ST depression did not have critical lesions.14 While providing important predictive information, extrapolation of this criterion to specific coronary anatomic lesions may result in a significant chance of error.
In this study 25 of 28 patients who demonstrated exercise-induced U-wave inversion in the absence of electrocardiographic evidence of anterior myocardial infarction had > 75% stenosis of the left anterior descending or left main coronary artery. In 17 of the 25 patients the stenosis was proximal to the first septal perforator and diagonal branches. In seven of the 25 patients significant coronary artery disease was confined to the left anterior descending artery.
Nineteen of 27 (70%) of the patients, with exerciseinduced U-wave inversion and coronary artery disease had an abnormal ST-segment response to exercise. However, in eight patients (30%) the U-wave inversion was the only exercise electrocardiographic evidence of coronary artery disease and, presumably, of myocardial ischemia.
The origin of the U wave is controversial. One theory proposes that the U wave results from afterpotentials related to stretch of myocardial fibers by rapid ventricular filling.3 A second theory suggests that the U-wave results from repolarization of the ventricular Purkinje fibers since the action potential duration for these fibers is the longest of any in the heart, and the duration corresponds temporally to the QU interval of the ECG." Normal U waves have the same polarity as the T waves. They are tallest in leads V2 and V3 and the largest precordial U-wave amplitude averages 0.33 mm, or 1 1% of the largest T-wave amplitude.3 In general, the U-wave voltage varies directly with the T-wave voltage, but is also influenced by the QRS voltage.3 Resting U-wave inversion is almost always confined to patients with cardiac disease,'6 although U-wave inversion has been reported as a transient phenomenon in normal persons during norepinephrine-induced hypertension.3 Serial inversion of the U wave has been reported as the only electrocardiographic abnormality in patients with acute anterior myocardial infarction.3 17 Persistent U-wave inversion most often occurs in the presence of left ventricular hypertrophy. Under these circumstances it is usually associated with ST-segment depression and Twave inversion, but it can occur as an isolated electrocardiographic abnormality.3 Inversion of the U wave has also been described in coronary artery disease without infarction.1 3, 18 When U-wave inversion occurs in association with left ventricular hypertrophy or coronary artery disease it is usually in the lateral precordial or lateral limb leads, and the upright right precordial U waves are often accentuated. induction of angina pectoris by exercise. In 1958 Lepeschkin and Surawicz'9 reported that U-wave abnormalities appeared during Master two-step exercise testing only in patients with a clinical history of coronary insufficiency and a positive ST-segment response. Lepeschkin reported that patients with left ventricular hypertrophy and U-wave inversion at rest showed some degree of U-wave normalization with exercise, and the U wave became more inverted in only 8% of patients. However, 62% of patients with angina pectoris and resting U-wave inversion demonstrated increasing degrees of U-wave negativity with exercise. 3 A spectrum of U-wave abnormalities, beginning with diminished U-wave amplitude, biphasic U waves and finally negative U waves, has been described. 3 Kast and Klepzig2 noted a good correlation between exercise-induced U-wave inversion and a clinical picture of coronary insufficiency with a positive Master two-step test, but they observed exercised-induced biphasic U waves (also referred to as TU-segment depression) in three patients thought to have noncardiac pain with a negative ST-segment response to exercise. Correlative anatomic or coronary arteriographic data were not available to confirm the lack of specificity of exercise-induced biphasic U waves. In the present study exercise-induced biphasic U waves were not considered due to the difficulties in defining these more subtle changes.
The mechanism of exercise-induced U-wave inversion is unknown. A lack of correlation between the occurrence or time of onset of exercise-induced ST-segment depression and U-wave inversion has been described, leading to the conclusion that ST-segment depression and U-wave inversion with exercise are probably the result of different electrophysiologic mechanisms.2 Both disopyramide and quinidine can increase the height of the resting U wave,20' 21 and Uwave inversion due to quinidine has been reported.22 In the present study one patient (no. 23) with exercise-induced U-wave inversion was taking disopyramide phosphate and two patients were taking quinidine. There are very few data on the effects of propranolol on the U wave. Gettes and Surawicz23 noted no alteration of U-wave morphology after propranolol to a small group of patients. In the present study propranolol therapy was more common in patients who developed U-wave inversion than in the overall study population. This probably reflects the greater severity of symptoms in the group with U-wave inversion rather than an intrinsic relationship of propranolol and U-wave inversion.
Palmer reported a resting diastolic blood pressure of . 90 mm Hg in six of seven patients with exerciseinduced inversion of the U wave."8 Georgopoulos et al. suggested that U-wave inversion in the patients reported by Palmer may have been the result of hypertension rather than coronary heart disease.24 In the present series of 36 patients with exercise-induced U-wave inversion, 27 (75%) had resting diastolic blood pressures . 90 mm Hg. However, none of the 36 patients with exercise-induced inversion of the U wave had electrocardiographic, roentgenographic or echocardiographic evidence of left ventricular hypertrophy. Whether systemic blood pressure is a factor in the appearance of exercise-induced U-wave inversion in some patients with coronary artery disease must be clarified.
The benefits of recognizing exercise-induced Uwave inversion are twofold. First, it should increase the sensitivity of the exercise ECG for detecting significant coronary artery disease. In the present study, eight of 166 patients with coronary artery disease had exercise-induced U-wave inversion as the only exercise electrocardiographic abnormality. Therefore, the sensitivity of the exercise ECG was increased by detecting an additional 4.8% of patients with significant coronary disease. On the other hand, only one of 82 patients demonstrated exercise-induced U-wave inversion in the absence of significant coronary disease. The prevalence of exercise-induced Uwave inversion was also low (1.5%) in a large group of asymptomatic and presumably healthy subjects.
The true prevalence of exercise-induced U waveinversion may have been underestimated in this retrospective study. The exercise ECGs of the study patients were initially screened by reviewing short strips of previously mounted recordings, and these short strips were not specifically selected to demonstrate U-wave inversion. Exercise-induced Uwave inversion may occur as a transient phenomenon just at peak exercise and simultaneous with the onset of angina or the appearance of abnormal ST-segment depression. At other times inverted U waves may only be apparent during the slow heart rates of early exercise or in the recovery period when the abnormality is not masked by fusion of the T and P waves. Sometimes inverted U waves emerge only in the immediate recovery period, although the heart rate during exercise is not sufficiently fast to mask the phenomenon ( fig. 2) . The recognition of exercise-induced U-wave inversion may also improve the capability to detect patients with significant stenosis of the left anterior descending coronary artery by noninvasive means.
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